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OBJECT 


To  obtain  information  on  tho  mechanism  of  collapse  of  hollow 
charge  liners  by  performing  a metallurgical  examination  of  the 
sl'igs  recovered  after  firing  selectively  carburized  cones  for  the 
MjAl  riflo  grenade. 

SUMMARY 

This  Arsonal  was  roquostod  by  Abordoon  Proving  Ground  to  per- 
form a metallurgical  examination  of  tho  slug3  rocovorod  aftor 
firing  soloctivoly  carburizod  conoa  for  tho  M9A1  riflo  gronado  in 
ordor  to  obtain  information  on  tho  naturo  of  motal  flow  during 
doformation  of  tho  linors  on  firing  and  tho  tomporaturos  dovolopod 
in  tho  slugs. 

The  rosults  of  tho  current  investigation  woro  in  substantial 
agroomont  with  Birkhoff<o  Jot  Thoory  of  linor  collapso  which 
postulates  that  tho  metallic  flow  in  tho  linor  can  bo  approxi- 
mated by  assuming  that  tho  linor  material*  bohe^os  liko  a non- 
visoous  liquid  i-ndor  the  high  rato  of  strain  imposod  by  dotonation. 
This  thoory  had  rocoivod  substantial  support  from  high  spood 
radiographic  studios  conduotod  by  Sooly  and  Clark. 

it  appears  that  tho  flattoncd  apox  of  tho  M9A1  conical  lining 
is  invortod  by  tho  prossuro  wdvo.  Boginning  at  tho  apox,  tho  cono 
thon  progressively  co’lapsos  inward.  As  tho  motal  moots  along 
tho  axis,  the  matorial  noar  tho  innor  cono  surfaco  is  apparently 
squoozod  out  along  tho  symmetrical  avonuos  of  oscapo,  Tho  forma- 
tion of  a high  spood  slondor  Jot  moving  ahoad  of  a rolativoly  low 
spood  slug  is  oxplninod  in  this  monr.:;. 

Tho  onorgy  oxpondod  in  deforming  tho  liner  material  inducos 
hoating  of  tho  slug.  lilcrostruotural  axamination  indientos  that 
in  tho  confcor,  whoro  doformation  is  vory  pronouncod,  tho  tamper a- 
turo  oxcoodod  this  lower  critical  tomporaturo  for  stool.  Thoro 
is  no  avidonco  of  incipiont  fusion.  It  is  not  possiblo  to  assign 
a prociao  valuo  for  the  maximum  tomporaturo,  but  it  was  probably 
in  tho  rango  1400°F  to  2400°F,  Tho  maximum  tomporaturo  at  tho 
surfaco  of  tho  slugs  whoro  tho  motal  was  doformod  to  a looser 
dogroo  la  boliovod  to  havo  boon  in  tho  neighborhood  of  950°F» 
to  1200 °F. 

Comparison  with  obsorvations  mado  in  tho  slug  formod  from 
tho  hollow  chargo  linor  of  a 7.2”  rockot  indicatos  that  tho 
larger  conos  collapso  in  a raannor  similar  to  that  of  tho  U9A1 
linors. 

It  is  rjoommondod  that  similar  studios  be  mado  on  linors 
of  various  design  mado  with  difforont  matorials. 

AUTHORIZATION 

1.  APG  (0)  472/12;  SFOBA  400.112/12812-1 

2,  Homo  for  Rocord  and  Approval  of  Zxpondituros,  26  July  1944* 
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I.  INTRODUCTION 


Aberdeen  Proving  Ground  has  performed  and  sponsored  an 
extensive  amount  of  research  work  on  the  mechanism  of  collapse 
of  hollow  charge  liners  and  on  the  perforation  of  armor  by 
lined  hollow  charges* 


Sooly  and  Clark  ^ havo  summarized  the  oarlior  information 
and  theories  on  the  functioning  of  hollow  charge  linors.  Tho 
oldost  thoorios  of  tho  cavity  of foot  ignored  tho  collapse  of  tho 
linor  and  attributed  tho  ponotration  of  armor  to  a focusing  of 
tho  shock  wavos  by  tho  shapo  of  tho  cavity.  A lator  theory  of 
Kistiakowsky,  MacDougail  and  Moasorly  rocognizod  that  motal 
particlos  aro  tho  agonts  causing  ponotration.  This  thoory  pos- 
tulated that  jots  of  gas  brook  through  tho  metallic  linor,  carry- 
ing fragments  produced  by  rupturo  and  orosion  of  tho  linor;  an 
interaction  of  tho  Jots  was  said  to  causo  a strong  forward  wavo 
which  imparted  e high  voiocity  to  tho  motaliic  particlos,  Anothor 
thoory  was  that  motaliic  particlos  aro  spallod  off  tho  insido  of 
tho  linor  and  aro  focusod  by  collision  with  oach  othor  at  high 
voiocity. 

Seely  and  Clark  proper od  high  spood  radiographs  showing 

various  stagoa  in  the  deformation  of  hollow  charge  linors#  Thoso 
picturos  suggostod  that  tho  conical  lining  collapses  with  a normal 
voiocity  of  2500  to  3000  motors  por  soc.  and  that  whon  tho  diffor- 
ont  sidos  oollido  along  tho  axis,  tho  motal  is  forced  out  along  tho 
symmetrical  avonuos  of  oscapo,  thus  rWi.iiu.«g  a elcn  jr  high  spool 
jot  ahoad  of  a thick  rolativoly  low  spood  Jot  or  "slug".  Thoro 
was  no  ovldonco  that  a spalling  of  tho  interior  aocountod  for  tho 
formation  of  the  jot. 

Concurrently  with  tho  above  radiographic  studios,  Birkhoff^/ 
formulatod  a jot  thoory  of  linor  collapso  basod  on  a raathomaticeJ 
analysis  of  tho  doformation.  In  briof,  Birkhoff  assumod  that  tho 
clastic  and  plastic  rosietanco  of  tho  linor  material  could  bo 
nogloctod  under  tho  high  rate  of  strain  imposed  by  detonation  and 
that  tho  flow  bohavior  oould  bo  approximated  through  calculations 
based  on  hydrodynamic  equations  for  tho  flow  of  nonviscous  liquids. 
Tho  thoory  diverges  sharply  from  tho  focussing,  spalling  and  shock 
*avo  thoorios  for  hollow  chargo  performance  in  that  it  postuls/.os 
tho  formation  of  0 jot  of  motaliic  rnattor  by  a squoozing  of  tho 
coro  matorial  as  the  walls  ccllido  along  tho  axis. 


Birkhoff’ s jot  thoory  corrolatou  woll  with  tho  observations 
noted  in  tho  high  spood  radiographic  studios.  Not  only  did  tho 
qualitative  description  of  tho  formation  of  tho  jot  and  slug  fit 
in  woll  wish  tho  observation  of  Sooly  and  Clark,  but  in  addition 
Birkhoff  mado  calculations  of  tho  rolafclvo  masses  and  volocitios 
of  tho  forward  jot  and  tho  hoavior  slug  which  ho  boliovod  to  bo  in 
reasonable  agroomont  with  data  obtaiaod  during  tho  radiographic  studios, 

(1)  References  at  end  of  ••sporty 
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Abordoon  desirod  to  obtain  furthor  confirmatory  informal;,  n or, 
tho  naturo  of  uotal  flow  during  collap3o  of  tho  linors  and  on  tW 
maximum  tomperaturo  of  tho  slug.  This  work  is  inhomogenoously 
distributed;  there  is  an  increaso  in  the  amount  of  deformation  in 
going  from  tho  surfaco  to  tho  contor  of  the  slug.  Accordingly,  tho 
contor  would  bo  oxpoctod  to  roach  a rolativoly  high  tomporaturo, 
possibly  above  tho  molting  point.  Tho  core  thon  would  bo  more 
plastic  than  tho  surfaco  layers  of  tho  slug. 

Abordoon  consulted  Frankford  Arsonal  on  tho  possibility  of 
obtaining  tho  dosirod  information  by  porforming  a motallographic 
examination  of  tho  rocovorod  slug. 

At  a oonforonoo  of  roprosontativos  of  tho  two  agoncios,  tho 
uao  of  tracor  matorials,  oithor  applied  as  a coating  to  tho  surfaco 
of  tho  conical  llnors  or  noXoctivoly  diffusod  into  tho  surfaco  of 
tho  oonos,  was  discussed.  It  was  roportod  that  tho  uso  of  a coppor 
plating  appliod  to  the  surfaco  of  tho  cono  had  not  provided  any 
additional  information  on  tho  naturo  of  motal  flov;  during  firing. 

It  was  agrood  that  a program  for  soloctivo  carburization  should  bo 
porformod.  Tho  displacomont  of  tho  carbon-rich  rogions  as  a 
rosult  of  cone  collapso  should  provido  information  on  motal  flow, 
„hilo  tho  structural  changos  in  tho  stool  should  provido  sorao 
information  on  tho  tomporaturos  dovolopod  in  tho  slugs. 

Soma  oarlior  oxporimonts  on  soloctivo  carburization  of  conos 
woro  not  satisfactory  fcocauso  tho  nctor-r'f>f"  used  tc  inhibit 
carburization  had  fallou  to  perform  it3  intendod  function  and  tho 
conos  hud  boon  carburized  ovor  tho  ontiro  surfaco. 

Tho  prosont  roport  summarizos  tho  procoduro  and  results  of  a 
soloctivo  carburization  program  on  M9A1  linors  which  has  providod 
usoful  information  on  tho  mochanisra  of  collapso  of  chorgo  linors. 

Concurrently  with  tho  program  on  M9-A1  linors,  Frankford 
Arsonal  at  tho  roquost  of  tho  Offico,  Chiof  of  Ordnanco,  porformod 
a metallurgical  examination  of  n rocovorod  slug  which  had  boon 
tho  linor  of  a 7*2n  rockot.  Sinoo  tho  rosults  of  tho  examination 
aro  portinont  to  tho  prosont  investigation,  a copy  of  a lottor 
roport  14/  to  tho  Offioo,  Chiof  of  Ordnanco,  with  minor  oditorial 
rovision,  is  attachod  as  Appondix  A to  this  roport. 

II.  raOCSDURE 

A.  Soloctivo  Carburization 

Figuro  1 shows  tho  dimonsions  of  tho  cono  of  tho  M9a1 
riflo  gronado  and  tho  assembly  of  tho  metallic  components  of  tho 
hoad  of  tho  gronado. 
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Aft or  development  of  a suitable  carburizing  oyolo»  six 
oonos  wore  to  be  solootivoly  oarburized  in  the  zones  listed  below 
•nd  shown  in  Figuro  2i 

Conojso. 

1 - outsido  eurfaoe  - conter  third  of  cone  length 

2 - inaido  surface  - conter  third  of  aono  length 

3 - outside  surfaco  - region  host  mouth 
*4  - insido  surfaoo  - region  near  mouth 

5 * outside  surfaco  - region  near  apex  of  eono 

6 - insido  surfaco  « rogion  noor  apax  of  oono 

Soloctivo  carburization  was  of fee ted  by  using  a ooppor 
stop-off  to  provont  carburization  in  regions  removed  from  tho 
solootod  zonos.  Tho  following  sehodulo  wao  used  after  pre- 
liminary tests  had  indieated  that  the  desired  oarburization  could 
bo  obtoinod  in  this  msnnort 

*1*  Tho  oonos  wore  oloened  of  .allpaUt  tad  grease* 

2i  A paraffin  costing  was  appliod  to  the  surfacoa  in 
thoso  regions  whioh  woro  ultimately  to  bo  oorburizod*  • 

3«  A eoppar  oloctroplate»  approximately  0.0015"  thiok 
was  appliod  .to  the  oonos j tho  wax  ocatod  aroma  remained  unplatod. 

4.  Tho  ban  os  woro  box  oarburlzod  at  lTOOT  for  1 l/2  hours, 
romorod  from  tho  box,  and  oooled  in  atlll  air. 

photomicrographs  shoving  tho  struct  ore.  as  oesorvSdoh  a 
pilot  sample  i . are  presented  in  Figure  3*  It  may  bo  notod  in 
Tlgura  3»  at  10QX  that  carbon  had  -diffused  from  the  unplated 
surfaoo  to  approximately  the  oontar  of  the  moll  end  that  the 
ooppor  oloctroplato  on  tho  opposlto  surfaoo  had  eomplotoly  in- 
hibitod  oarburization.  Figure  3b  at  lQOGK  shows  that  the’  etructuro 
in  tho  oarburlzod  gone  adjacent  to  the  surface  aonaimta  of  hype- 
outoctoid  ferrito  and  poorlita. 

B.  F.Jring  Hollow  ttmrgos  and  Recovery  of  gluts  , • > 

Tho  six  soleetiTely  oarburlzod;  oooea  were * forwarded *to  •’ 
Aberdeen  for  firing.  The  folio wing. is  the  description  of  the 
firing  of  tho  oitarges  and  rooovery  of  the  slugs  as  suppllod  by 
Aberdooni  ■> 

' "The ’stool  liners t with  portions  of  their  surfaees 
carburized!  wore  assagbled  as  (joapononte  of  the  M9A1  Rifle  Qrtnads. 
Tho  grenades  woro  firod  etatioally  while  suspended!  axis  vesgoal, 
at  a height  of  30  inbhbs  abovo  tho  top  of  an  oil  drum.  Tho  drum  was 
fillod  with  water  in  which  ws  immersod.  a wire  basket  containing 
rook  wool.  Tho  baakot  was  about  18  inchos  high  and  oooupied  tho 
bottom  half  of  tho  drum.  The  drum  was  embodded  into  the  groun&t 
top  lovol  with  tho  ground  surface. 
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"Aftor  firing  a gronado,  tho  baskot  was  liftod  out  and  tho 
rock  wool  vns  eoarchod  until  tho  slug  was  rocovorod.  Tho  ponotra- 
lion  of  tho  slugs  into  tho  rook  wool  ms  about  5 to  10  inches. 

Thus,  tho  slugs  travorsod  about  3°  inchos  of  air  spaco,  18  inchos 
of  wator,  and  5 to  10  inchos  of  rock  wool  immorsod  in  water.  Tho 
tomporaturo  of  tho  recovery  medium  was  approximately  80°F." 

III.  BKAMINA.TI0N  OF  RECOVERED  SLUGS 

A.  Goa oral  Foaturos 

Figuro  4 shows  tho  oxtornal  appoaranco  of  tho  slugs  and 
fragments  as  rocovorod* 

B*  Macroetruoturo 

Tho  rocovorod  slugs  wore  sectioned  longitudinally  and 
doop-otchod  v;ith  an  acidic  coppor  roagont  (40  ml.  HC1,  3°  ml. 

H2°*  25  ml.  C2H5OH,  5 g.  CuClj)*  Figuro  5 shows  the  macrostructuro 
dovolopod  by  this  etching  proooduro  at  approximately  two  timos 
natural  3izo. 

Carburization  appears  to  havo  bocn  looalizod  to  tho 
dosirod  aroas  oxcopt  in  piocos  Nos.  1 and  5 whoro  thoro  wca 
apparently  somo  broakdovm  of  tho  coppor  shiolding  coat  on  tho 
inner  surface  of  tho  cono.  Tho  undosirablo  carburization  can  bo 
distinguished  roadily  from  tho  zones  01  muonuional  jfl.urizo.tion 
and  can  bo  diarogardod  in  intorprotation.  Tho  following  character* 
istics  of  tho  rocovorod  slugs  wore  notod  by  macroscopic  examina- 
tion of  tho  rocovorod  piocos: 

1.  accept  for  tho  rogion  nonr  tho  apox,  carburizod 
zones  noor  tho  outor  surfaco  did  not  shift  longitudinally  to  any 
considorablo  oxtont. 

2.  Carburizod  rogions  on  tho  innar  surfaco  show  ovidonco 
of  a shift  forward  away  from  tho  apox  of  tho  cono»  Thoro  is  ovi- 
donco that  material  in  tho  oontor  of  tho  slug  is  displacod  consider- 
ably from  its  original  position. 

3.  Thoro  was  a zono  in  tho  contor  of  tho  slugs  which 
otchod  at  a different  rato  than  tho  balance  of  tho  slug.  This  is 
shown  to  host  advantago  in  Slugs  Nos.  5 and  4*  Microscopic  oxouv* 
ination,  to  bo  disoussod  subsequently,  indicated  that  this  zono 
had  boon  hoatod  to  a tomporaturo  ovor  tho  critical  rango. 

4.  Invariably  an  invortod  V structuro  was  dovolopod 
noar  tho  apox.  This  structuro  was  notod  in  all  six  conos,  but 
is  shown  particularly  woll  in  slug  No.  4. 
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5.  All  of  tho  slugs  broko  at  a distanco  l/2n  to  3/4n 
from  tho  apox  and  at  a distanoo  approximately  2/3  of  tho  longth  fron 
tho  apox  towond  tho  mouth. 

C.  fticrostruoturo 

In  all  of  tho  slugs  thoro  was  a progressive  chango  in 
structure  from  tho  contor  to  tho  surfaco.  Vihoro  tho  central  areas 
had  boqn  carburized*  tho  structure  consistod  lorgoly  of  undistortoft 
poarlita  differing  from  tno  original  ponrlito  and  apparently  formofl 
us  a result  of  transformations  occurring  during  firing  and  recovery} 
this  is  shown  in  Figuro  6a.  Thoro  was  no  ovidonco  of  fusion  of 
the  motel.  Whoro  tho  stool  had  not  boon  carburizod*  tho  structure 
eons'*  stod  of  roorystallizod  forrito  with  some  poarlito* 

Tho  rogions  noar  tho  surfaco  containod  dlstortod  poarlito 
and  diqtortod  forrito  with  somo  ovidonco  of  raorystollization  of 
forrito;  tho  poarlito  is  ntoro  ''granular"  than  it  was  in  tho  un- 
firod  oono«  Tho  structure  of  a carburizod  zone  noar  tho  surface 
is  shown  in  Figuro  6c,  Tho  structuro  of  a transition  zono  botwoon 
tho  contor  and  surfaoo  is  shown  in  Figuro  6b. 

IV.  DISCUSSION  OF  RESULTS 

It  is  bolievod  that  tho  mechanism  of  collapse  dosorlbou  bo- 
low  end  illustrated  in  Figuro  7 is  compatiblo  with  tho  observa- 
tions noted  abovo.  Tho  proposod  moohanism  is  not  original  with 
thj.8  author;  its  principal  foaturos  were  ouggostud  by  rerk 
o?  Birkhoff  (3)  and  Sooly  and  Clark  (1»2)»  A lator  soction  will 
in&icatq  somo  charaotoristios  of  cono  deformation  which  wore  not 
reported  previously.  It  appears  that  tho  roundod  apox  of  tho 
oonq  in  first  invartod  by  tbo  prosBuro  wave.  Boginning  at  tho 
apox,  tho  cono  walla  progroaaivoly  oollapso  inward.  An  invartod 
V is  formod  by  compression  of  tho  apox  motai.  As  tho  outer 
dimensions  diminish,  ironing  or  thickening  of  tho  wall  tokos 
placo.  As  tho  motai  flows  toward  tho  cantor  and  moots , a for- 
ward stroara  or  jot  is  formod  along  tho  symmetrical  avoauo  of 
osoapo,  Although  tho  jots  formod  during  dotonation  wees  not 
oxominod,  tho  foot  that  tho  jots  woro  formod  by  a squeezing  of 
tho  matoriol  which  was  originally  on  tho  innor  surfaco  of  tho 
cono  is  strongly  suggostod  by  tho  mannor  in  which  tho  motai  in 
tho  control  aroaB  was  displacod  forward  away  from  tho  apox  of 
tho  cono. 

It  is  possible  to  account  for  tho  fact  that  all  slugs  broke 
at  a distanoo  approx imvtaly  two  thirds  of  tho  length  from  tho 
apox  on  tho  basis  that  tho  rim  of  tho  cono  offors  too  much 
rosistanco  to  pormit  tho  continuation  of  progressive  deformation, 
and  that  rupturo  occurs  with  tho  rim  boing  fragraontod  and  scattqrod* 
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Thoro  is  no  really  satisfactory  explanation  f6r  tho  fact  that 
all  cono3  also  broko  noar  tho  apox.  Macrograpnic  examination  in- 
dicates that  thoro  1 ms  no  gross  chango  in  tho  mechanism  of  doforma- 
tion  at  this  lovol. 

The  microstrv.ctural  changes  developed  on  firing,  oan  be  attri- 
buted to  the  energy  expended  during  the  very  rapid  deformation. 

As  Birknoff  >3)  indicated,  there  is  greater  deformation  in  the 
center  than  at  the  surface,  and  it  is  to  be  anticipated  that  the 
center  of  the  slug  should  bo  hoated  to  a higher  tomporaturo  than 
tho  surfaco. 

It  is  difficult  to  assign  a valuo  for  tho  maximum  tomporaturo 
of  tho  slug  sineo  tho  poak  tomporaturo  was  maintainod  for  a very 
brief  period.  Tho  rapid  expenditure  of  energy  cauaod  an  oxoood- 
ingly  rapid  boating  of  tho  contral  aroas,  whilo  tho  hot  areas  woro 
probably  cooiod  immodiatoly  by  tho  surrounding  coidor  motal.  Evon 
whan  a piece  of  s tool  is  maintainod  at  an  olovatod  tomporaturo  for 
a considerable  period  of  timo  and  equilibrium  is  ostablishod  by 
diffusion,  it  i8  difficult  to  moko  any  prooieo  statement  with 
rospoct  to  tho  lurimum  tomporaturo.  Under  nonoquilibrium  conditions, 
ovaluation  of  tomporaturo  is  at  boat  an  estimation.  ! ' 

Motaliographic  oxaminafcion,  figuro  6,  indicates  that  lino 
poor  1 it o has  be.on  formed,  in  tho  contor  of  the  slug  as  a romilt  of 
transformations  occurring  in  the  stool.  This  indicates  .that  tho 
poarlit'6  originailyi  preoont,  Figuro  3.  muou  navo  teen  exapoivod 
by  heating  to  a tomporaturo  in  oxcosb  of  the  lowor.  critical  ,‘ 

(A^  - 135p°F  approximately ),  Thoro  is  no  ovidenoo  of  a «burnOji" 
structure"  whioh  would:  rosolt  from  hoating  above  tho  tomporaturo 
at  which  iheipiont  fusion  is  notod.  Tho  poak  temperature  thus  ip 
believed  to  havo  boon  somowhero  in  tho  rango  1400°F  to  2400°f«  ' 

Examination  of  tho  structure*  nbor  tho  surfaob,  Figure  6c, 
indloatos  that  partial  rocrystallization  of  tho  forrito  has 
oocurrod;  tho  carbidoa  in  tho  poarlitic  areas  havo  boon  agglomerated 
considorably,  as  comparod  to  tho  original  siruoturo,  but  do  n6t 
appoar  to  havo  boon  dissolvod.  It  id’ostlmhtod  that  tho  maiimum 
tomporaturo  noar  tho  surfaco'  was  on  tho  order  of  950bF.  to  il50°F. 

In  tho  intormodialo  zono,  Figuro  6b,  tho  forrito  i3  completely 
rocryatallizod  while  tho  poarlitic  aroas  havo  boon  distortod  by 
doformation;  tho  carbidos  in  thq  poarlito  havo  hoop  agglomerated 
considofably  bdt^do  Act  appoar  to  have  bbca’ dissolvod,  Tho  tpmporq- 
turo  in  this  ?6gibh  apparontly  did  not  oxcood  tho  lower  oTitiohl 
tomporaturo  \ 13?04F. )’  • 

» i ' . . ^ 

* . « * 

* * * • 
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Tho  prosonco  of  poarlito  in  tho  control  zono  is  somowhat 
difficult  to  oxplain  since  wator  quonching  during  rocovory  should 
bo  axpoctod  to  produco  hard  martonsito  as  a product  of  trans- 
formation of  austonito  formod  on  hoating  ovor  tho  oritical  rungo. 
Martonsito  was  actually  notod  in  somo  preliminary  tests.  It 
appoars  that  tho  slugs  in  tho  prosont  program  bocamo  buriod  in 
tho  rock  wool  at  tho  bottom  of  tho  rocovory  tank;  contact  with 
the  rock  wool  apparently  provontod  froo  contact  with  wator  and 
promoted  tho  dovolopmont  of  an  insulating  stoam  jaokot.  It  thus 
appoars  probablo  that  tho  slugs  wore  coolod  rapidly  from  tho  poak 
tomporaturo  to  an  intermediate  temporaturo  from  which  thoy  coolod 
slowly  to  room  tomporaturo. 

V.  CORRELATION  WITH  HIGH  SPEED  X-RAY  RADIOGRAPHIC  AND  BIRKKOFF*  S 
JIT  THEORY 


Tho  rosults  of  tho  maorographic  and  micrographio  studies  aro 
in  oxcollont  agroomont  with  tho  information  gained  from  high  spood 
x-ray  radiographic  studios  and  provides  additional  confirmation  for 
Birkhoff»s  Jot  Thoory.  Birkhoff 's  commonts  to  this  offoct,  made 
aftor  reading  a lottor  report  outlining  tho  roBUlts  of  tho  ourront 
invostigation,  aro  attachod  to  this  roport  as  Appondix  B« 

Tho  invorsion  of  tho  apox  in  an  oarly  stage  of  doformtion, 
which  is  indioatod  by  tho  inverted  V structuro,  had  not  boon  noted 
previously.  Birkhoff  states  that  it  is  roasonablo  to  antioipato 
such  behavior,  particularly  in  cones  round™11  a*  *ho  np<-  ; tho  M9A1 
linors  used  in  this  invostigation  woro  roundod  or  flattonod  at  tho 
apox  an  shown  in  Figure  1. 

VI.  CORRELATION  WITH  INFOIbiATION  AVAILABLE  ON  PIKER  HOLLOW  CHARGE 

LINERS 

Comparison  of  tho  rosults  of  an  examination  of  a recovered  slug 
xormod  from  tho  hollow  charge  cono  of  a 7*2M  rockot,  roported  in 
Appondix  A»  with  tho  IS) Al  slugs,  indicates  many  foaturos  of  similarity. 
Tho  mechanism  of  motal  flow  appoars  to  havo  boon  similar;  differ- 
ential heating  duo  to  tho  onorgy  of  doformation  is  notod  in  both 
instancos.  Evan  tho  cracking  of  tho  slug  noar  tho  apox  rogion  of 
tho  cono  is  similar. 

VII.  CONCLUSIONS 

1.  A motallurgioal  examination  of  tho  slugs  formod  by  firing 
seloctivoly  oarburizod  t$Al  conical  hollow  chargo  linors  has 
providod  additional  confirmation  of  Birkhoff’s  Jot  Ihoory  of  linor 
collapso  as  appliod  to  such  conical  linors.  This  thoory  hod  already 
rocoivod  substantial  support  from  high  spood  radiographic  studios 
conducted  by  Seely  and  Clark,  It  spoors  tho  apex  of  tho  cone  ia 
first  invortod  by  the  prossuro  wave  generated  by  dotonation  of  tho 
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powder  charga,  Tho  cono  wall  than  progroasivoly  collapses  inward 
boginning  at  tho  apox.  As  tho  motal  flows  toward  the  axis  of  tho 
cono  and  moots,  a forward  stream  or  jot  is  formed  along  the  sym- 
metrical avoruo  of  oa capo.  A breaking  of  tho  slugs  at  a point 
approximately  two  thirds  of  tho  longth  from  tho  apox  of  this  con© 
has  boon  explained  on  tho  basis  that  tho  rim  of  tho  cono  offers 
too  much  rosistanco  to  pormit  continuation  of  tho  progrossivo 
collapso  and  rupturo  of  tho  oono  occurs.  Anothor  break  notod  in 
all  six  slugs  at  a point  l/2tt  to  3/4”  from  the  apox  has  not  boon 
explainod. 

2.  Tho  inversion  of  the  apox  mentioned  abovo  had  not  boon 
notod  proviously.  It  has  boon  indicated,  howovor,  that  this 
invorsion  can  bo  prodiotod  by  mathematical  studios,  particularly 

in  oonos  liko  those  omployod  in  tho  M9A1  gronade  which  are  flatton- 
od  slightly  at  tho  apox. 

3.  The  slug  upon  rooovory  shows  a progrossivo  chango  in 
microstructuro  from  tho  contor  to  tho  surfaco  duo  to  tho  fact 
that  tho  slug  was  hoatod  by  tho  energy  oxpondod  in  deforming  tho 
slug.  Tho  control  ^ono  of  tho  slug  in  which  doformation  was  tho 
groatost  was  hoatod  abovo  tho  lowor  critical  tomporaturo  by  tho 
onorgy  oxpondod  timing  ocllapso.  It  is  difficult  to  assign  a 
prociso  vnluo  for  tho  maximum  tomporaturo  bocauso  tho  slug  pre- 
sumably romainod  at  tho  mrwdmum  tomporaturo  only  a brlof  time 
during  which  equilibrium  was  not  attained.  Thcro  is  no  evidence 
of  incipiont  fusion,  and  it  is  boliovou,  ouoroioro,  uut  tho  maxi- 
mum nomporatura  of  tho  slug  was  from  1400°F.  to  2400°F.  Tho  sur  - 
faoo  of^iho  slug,  whoro  doformation  was  loss  pronouncod,  had 
apparently  boon  hoatod  to  a tomporaturo  botwoon  950°F.  and  1200°F. 

4?  Comparison  with  an  examination  of  a slug  formod  from  tho 
hollow  ohargo  linor  from  a 7,2”  rockot  indicatos  that  tho  largor 
conos  collapso  in  a similar  manner. 

VIII.RSCOMaS^MTIONS 


It  is  rocommondod  that  ballistic  tosts  on  shapod  chargos  with 
linors  of  various  dosigns  and  matorials  bo  supplomontod  with 
metallurgical  studios  similar  thoso  roportod  horoln  as  a moans 
of  obtaining  additional  dotail  information  on  tho  mechanism  of 
linor  doformation. 
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Fbotooaor ogrsphs  showing  oppoaraneo  of  rocoYorsd  slugs 
and  frapsonts.  Photogpaphod  at  1*SC;  roducod  slightly 
in  roproduotiou* 
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Figure  5 

photomicrograph*  showing  structure  dovolopod  on 
longitudinal  suctions  through  tho  rocovarod  slugs 
by  doap-otohlng  with  an  aoid  ouprlo  ohlorldo  ro- 
agont. ■ Photographod  at  21;  roduood  slightly  in 
reproduction# 
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Figure  6 - Structure  observed  iu  cerburlzed  areas  of  recovered  slugs, 
a - Center  of  slug:  Neely  formed  pearlite  indicates  that  temperature 
In  this  zone  exceeded  tbs  lower  critical  temperature,  b - Intermedi- 
ate zone:  Undissolvsd  carbides  indicate  that  the  temperature  did  not 
exceed  the  lower  critical,  c - Near  surface:  Some  evidence  of  recrys- 
talllzed  ferrite  indicates  that  maximum  temperature  in  this  zone  was  in 
the  range  C50*  to  1200*F.  Nag:  1000X. 
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Examination  of  slug  Formed  from  the  Hollow  Charge 
Liner  of  7.2"  Rocket* 


1.  This  Arsenal  has  examined  a recovered  hollow  charge  cone 
from  a 7,2"  rocket,  a summary  of  the  results  followsi 

A.  Chemical  Analysis 

The  composition  complied  with  the  requirements  for 
INS  1010  or  1015  steel.  The  detailed  analysis  is  shown  in  Table  I, 

TAB LI  I 


Chemical  Composition  of  Recovered  Cone 


XlssMnt 

Carbon 

Pareentago 

ltenganeso 

0,49 

Phosphorus 

0.012 

Sulfur 

0.021 

Silicon 

Not.  detectod 

Copper* 

0.03 

JJickol* 

0.03 

Chromium!* 

0.03 

Vanadium!* 

0.003 

Molybdonum* 

0,01 

Aluminum* 

0,01 

TOngsten* 

Not  detected 

* Speotrographio  Analysis 
B,  Maorographlc  ficanl nation 

Figure  1 shows  the  oxternal  appearaneo  of  tho 
roooverod  slug  at  approximately  1«5Z. 

Tho  ploce  was  sootionod  longitudinally  and  otohed  in 
50£  hydrochlorio  acid  at  approximately  17©*/.  for  10  minutes*  A 
ptotomaerograph  showing  the  resulting  appcaranee  is  shorn  in 
Figure  2A«  It  is  to  bo  noted  that  there  aro  apparently  throe 
distinct  zonost  (a)  outer,  (b)  intomodiatb.  and  (o)  ecmtor. 


* Roportcd  to  Offioo,  Chiof  of  Ordnanco,  00.  400. 112/1 3640,  3P0TB- 
llatoriale  Br,»  8F0BA  400.112/13445.  16  Fob,  1945* 
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Id  tho  intormodiato  zono  thoro  aro  visible  a number  of  linos » rather 
regularly  spacod,  which  point  toward  tho  forv.ard  ond  of  tho  slug* 

Thoro  is  anothor  oharactoristic  boliovoi  to  bo  at  loast  oqually  as 
important*  namely,  a structural  pattern  which  is  Just  baroly  visiblo  . 
and  only  in  tho  contor  area*  uppor  half  of  tho  slug  in  Figure  2A* 
Efforts  woro  mado  to  dovolop  this  pattorn  more  cloarly  without  deep- 
ening oxccssivoly  tho  cracks  and  lino  struoturo.  Oanfiold’s  roagont 
(a  ooppor  salt  otoh)  and  long  oxposuro  to  pioral  made  tho  structure 
visiblo  but  did  not  dovolop  sufficient  oontrast  for  photography;  tho 
pattern  was  thoroforo  skotchod.  A reproduction  of  tho  skotoh  is 
prosontod  in  Figure  2B» 

C.  Motallographio  nomination 

To  faoilitato  motallographio  examination,*  two  piooos 
woro  cut  at  approximately  ono  third  of  tho  length  from  either  ond 
of  tho  slug  and  woro  mounted  with  tho  longitudinal  piano  through  tho 
oontor  axposod  for  examination*  Tho  structure  of  tho  outor,  intor- 
modiato, and  contral  zonos  did  net  vary  appreciably  botwoon  tho  two 
locations.  Tho  photomicrographs  at  100X  and  1GOGOC  prooontod  in 
Flguro  2c  woro  proparod  at  positions  A,  B,  and  C shown  in  Figuro  3 
and  aro  roprosontativo  of  tho  struoturo  of  tho  outer,  intormodiato, 
and  central  zones,  rospootivoly.  The  photomicrographs  aro  mountod 
with  tho  vortical  odgos  approximately  parallel  to  tho  longitudinal 
axis  of  tho  slug.  Sovorol  comment a on  tho  struoturo  appear  to  bo 
portinont: 

Position  A - Outer  zono  - Struoturo  consists  of  sphoroidal 
oarbidos  in  a matrix  of  forrito.  Thoro  is  no  ovi&oaoo  of  cold  work 
distortion  in  tho  forrito. 

Position  B - Intormodiato  zono  - Struoturo  consists  of 
poarlito  and  samo  relatively  largo  carbides  in  a matrix  of  ferrite. 
Apparently  this  zono  was  hoatod  enough  for  a sufficient  time  to  in- 
duoo  a solution  of  most,  but  not  all  of  tho  oarbidos;  aubso<pxont 
cooling  dovolopod  tho  structure  indicated.  The  forrito  grain  sizo 
is  approximately  tho  samo  as  that  of  position  A»  In  tho  upper 
micrograph  at  100X  tharo  is  a lino  running  at  approximately  45*. 

This  lino  appears  to  bo  rolatod  to  tho  lino  struoturo  which  was 
notod  after  otohing  with  hot  hydrochloric  add  (figuro  2A)» 

Position  q - Oantral  zono  • Tho  structure  la  similar  to  that 
of  Position  B.  Although  tho  ferritie  grain  size  is  somewhat  irregular, 
it  is  approximately  tho  hro  as  that  of  positions  A and  B*  There  aro 
samo  a rack  linos  visiblo  in  tho  lower  powor  micrograph. 

D.  Hardness 

Duo  to  tho  fact  that  a smaller  impression  is  mado  with 
the  yickors  Diamond  Pyramid  lndontar  then  with  tho  Rookwoll  ball,  it 
was  folt  nooossary  to  uso  Tickers  road logo,  particularly  la  tho 
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outer  zone  near  the  edge,  to  obtain  reliable  value*.  The  results  of 
a Vickers  Diamoni  Pyramid*  5 Kg.  Load*  Survey  are  shown  in  Figure  3» 

The  hardness  varied  from  89  D.P.H.  (equivalent  to  47  Rockwell  B 
according  to  A.&T.M.  Designation  B- 33-42)  to  116  D.P.H.  (equivalent 
to  65  Rockwell  B).  Although  there  was  no  cloar  trend*  the  control 
zone  appoarod  to  bo  slightly  hardor  than  tho  othor  roglons* 

2.  Discussion  of  Results 

• 

Interpretation  of  tho  maoroetructuro  and  mieroatruoturo  is 
complicated  by  tho  fact  that  tho  circumstanoos  surrounding  tho  dofor- 
matlon  are  unusual*  In  particular*  tho  timo  during. whl«h  tho  struc- 
tural ohangos  aro  offoctod  is  not  known  but  prosumably  is  vary  short. 
Thoro  is  ovldonoo  that  a high  tomporaturo  was  dovolopod  in  tho  oono 
during  deformation,  but  it  la  difficult  to  mako  ovon  a rough  ostima- 
tlon  of  tho  maximum  tomporaturo  bcoauso  dissolution  of  oarbidos 
roquiros  diffusion  of  oarbon  and  is  a function  of  both  timo  and 
tomporaturo.  Furthor*  thoro  is  vary  littlo  lltaraturo  on  rapid 
transformations,  and*  ovon  if  tho  timo  wore  known,  it  would  still 
bo  impossiblo  to  supply  a prooiso  ostimato  for  tho  maximum  tomporaturo. 
Tho  forrito  grain  slzo  and  othor  mlorostruotural  character istics  of 
tho  original  cono  aro  not  known.  For  theso  roasons*  and  also  booauso 
only  ono  slug  was  atari nod,  tho  following  statomonts  should  bo  rogardod 
only  as  "intolllgont  guossos"  and  not  as  incontrovartiblo  conclusions. 

It  appoars  that  tho  llnoago  struoturo  dovolopod  by  a hot 
hydrochloric  aoid  otoh  (Figure  2a)  represent:;  pianos  ttf  c oar  (Boo 
also  Figuro  2C*  100X  miorograph  for  position  B),  whoroas  tho  pattorn 
dovolopod  by  long  oxposuro  to  a pioral  otoh  roprosonts  tho  sogroga- 
tion  ("fibor")  pattorn  and  is  aero  indlcatlvo  of  tho  naturo  of 
motal  flow.* 

It  is  suggested  that  tho  outer  layer®  undorgo  vary  little 
lorgltudinal  shifting  during  collapse.  As  tho  motal  on  or  noar  tho 
inner  surfaco  collapsoe  inward*  mooting  other  motal  flowing  toward 
tho  oontor,  with  furthor  prossuro  from  tho  outside,  a forward  moving 
stroam  is  gonoratod  at  tho  ountor.  Tho  rtrossos  loading  to  oomploto 
collapso  gonorato  shoar  linos  which  woro  mado  visiblo  by  a hot  aoid 
otoh. 


With  rospoct  to  tho  tomporaturo  roaohed*  the  fact  that  tho 
outor  zona  contains  forrito  undistorted  by  cold  work  and  that  sphoroldal 
oarbidos  aro  prosont  suggosts  that  tho  tomporaturo  of  this  area  was 

* Although  this  explanation  may  still  bo  corroct,  it  is  boliovod 
nov  that  tho  pattorn  dovolopod  by  long  oxposuro  to  pioric  aoid  is 
probably  a roflootion  of  a directional  toxturo  which  was  prosont  in 
tho  original  cono. distor tod  by  deformation  of  tho  cono.  Motal  flow 
appoars  to  be  similar  to  that  notod  in  tho  U9A1  conos. 
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above  tho  roerystaliization  tomporaturo  of  forrito  ( approx imatoly 
1200°F. },  but  bolow  tho  lowor  critical  tomporaturo  (1335°F. ) (Tho 
tomporaturo  might  havo  slightly  oxcoodod  tho  critical  for  a vory 
short  timo  without  inducing  carbido  solution.)  Tho  intormodiato 
and  contra!  zonos  appoar  to  havo  boon  hoatod  ovor  tho  lowor  critical 
tomporaturo,  sinco  tho  sphoroidnl  structure  has  boon  almost  complotoly 
replaced  by  a poarlitic  structure.  Thero  is  no  ovidonco  of  comploto 
fusion.  As  indicated  proviously,  it  is  not  possible  to  mako  a moro 
prociso  statomont  with  rospoct  .to  tho  maximum  tomporaturo. 

It  appoars  that  a portion  of  tho  roar  of  tho  slug  was  not 
rocovarod.  Tho  forward  ond  appoars  to  havo  boon  distortod  slightly 
by  impact  with  tho  rocovory  medium,  as  Indioatod  by  tho  bulging 
and  cracks  in  this  area. 
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SKETCH  SHOWING  ’TIBER  PATTERN”  IN  SLUG  PROM  7.2”  ROCKET 

NEO.  #15160 
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rocket,  hardness  VALUES  ARE  DIAMOND  PYRAMID  (VICKERS) hardness 
NUMBERS  OBTAINED  WITH  5 KG. LOAD.  (LETTERS  A.B.C  INDICATE  POSITIONS 
AT  WHICH  PHOTOMICROGRAPHS  WERE  PREPARED) 

FIG.  3 
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Comments  by  Dr.  Birkhoff*  on  lottor  report** 

Outlining  Results  of  tho  Current  Investigation. 

1*  Tho  observed  lack  of  shifting  of  longitudinal  distancin'. 

(not  roally  areas)  noar  tho  surfaco  is  predicted  by  tho  wjet  thi.ory*1 
of  linod  hollow  chargos,  according  to  which  tho  surfaco  cons is M of 
*froo  streamlines"  (in  tho  hydrodynamic  aonso). 

2.  Tho  obsorvod  shifting  forward  in  tho  slug  of  regions  interior 
to  tho  oono  is  also  predictod  by  this  thoory,  which  oxprossos  malho- 
matioally  tho  picture  describod  in  ITiguro  7«  This  pioturo  is  jujt 
that  rovoalod  by  tho  high-apood  X-ray  pictures  of  Major  Clark  an l 

Dr.  Sooly. 

3.  Tho  invortod  V structure  noar  tho  apox  has  not  boon  ob- 
sorvod boforo.  It  is  probably  duo  partly  to  tho  fact  that  tho 
"eonos"  aro  actually  roundod  noar  tho  apex*  but  it  should  bo  monitored 
that  computations  by  Profossor  Damons,  based  on  tho  bydrodynamie 
approximation,  indicate  tho  existence  of  such  a rogion,  ovon  with 
porfoct  conos. 

4.  Tho  broaking  of  tho  slug  has  also  boon  obsorvod  in  X-ray 
pic tiros,  but  is  not  fully  understood. 

5.  Tho  hoating  of  tho  control  rogions  has  boon  predicted  on 
tho  basis  of  tho  hydrodynamic  jot  thoory;  it  may  oaslly  'o  shown 
mathematically  that  tho  groatost  doformation  occurs  thei j. 

6.  It  is  boliovod  that  tho  prosont  toats  assist  in  rooming 
tho  mochanism  of  cono  collapso  from  tho  roalm  of  controversy,  as 
thoy  support  tho  ovorwholming  evidence  from  X-ray  picturos. 


"*  A mombor  of  tho  Appliod  Mathomatics  Group,  Harvard  Univorsity, 
Consultant  to  Abordoon  proving  Ground. 

**  APG  (a)  472/12 
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